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By folding two adhesive sides of a tape together a loop is formed, which one expects to unloop
by pulling on its free ends. Surprisingly, the loop does not immediately open up but shrinks in size,
held together by a tenuous contact region that propagates along the tape. This adhesive contact
region only ruptures once the loop is reduced to a critical size. We experimentally show that the
shrinkage of the loop results from an interaction between the peeling front and the loop across the
contact zone, accompanied by a highly nonlinear increase of the peeling force. Loop opening only
occurs once the curvatures on both sides of the contact zone are equal. The interactions across the
contact zone call for a description beyond the classical elastica theory. We propose a mechanical
model that captures the experimental observations such as the scaling law for the critical loop size.
Our results reveal and quantify the increased force required to remove loops in self-adherent media,
which is of importance in applications ranging from blister removal to exfoliation of graphene sheets.
Consider an adhesive tape that is bent such that two
sticky sides bond together, forming a loop. If one tries
to open the loop by pulling the two loop ends apart,
a remarkable phenomenon occurs (Fig. 1). Instead of
opening up, the loop shrinks in size, held together by
a narrow contact zone that propagates along the tape.
This shrinking process only stops when the loop reaches
a critical size at which the contact eventually breaks,
leading to the unlooping of the sticky tape.
Folding, self-adhering, blistering, and peeling phenom-
ena occur in many types of thin elastic layers, such as
capillary films [1–3], soft adhesives [4, 5], protective coat-
ings or multi-layered materials [6, 7], thin films floating
on liquid or polymer substrates [8, 9], or graphene sheets
[10, 11]. The mechanical properties and stability of these
layers are crucial to applications such as thin flexible
electronic devices [9, 12], the self-assembly of graphene
ribbons [13] or liquid-phase exfoliation of layered two-
dimensional nanomaterials [14]. In the latter example, a
shear flow is used to induce sliding, tearing and peeling,
e.g., of a graphene sheet from a multi-layer system. The
loop geometry similar to Fig. 1 occurs naturally when
such graphene sheets accidentally reattach, inhibiting the
process of exfoliation. In spite of its importance, the peel-
ing physics of such a self-adhered contact zone has so far
received little attention [15]; for example, it is not known
what is the force required to remove a self-adherent loop.
In this Letter we reveal the mechanism by which the
contact zone of a loop of adhesive tape propagates, lead-
ing to the shrinkage of the loop, and we determine when
the loop eventually breaks. To create loops of adhesive
tape we carefully fold the tape such that two sides are
aligned and stick together. We then perform peeling ex-
periments where both loop-ends are pulled apart at a pre-
scribed velocity v. We characterize the evolution of the
process by measuring the loop size and the curvatures on
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FIG. 1: A sticky loop created by bonding two sides of an adhesive tape is difficult unloop. (i-vi) When pulling the two ends
with a force f , the loop initially shrinks in size without opening up. The loop is held together by a narrow adhesive zone of
contact that propagates along the tape. (vi-vii) Only when the loop is reduced to a critical size, it finally opens up. The images
are captured for “tape A” at a peeling velocity v = 4.2 · 10−3 mm/s (cf. video 1 [16]). Inset: Typical close-up of the contact
region (tape A, from a different experiment, cf. video 2 [16]). Arrows indicate the approximate locations of the contact edges.
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2both sides of the contact zone. These curvatures give
direct access to the peeling force [4, 7, 17] and are ex-
tracted from the experimental profiles through accurate
fits to the elastica equation [18]. To investigate the ro-
bustness of the phenomenon we applied a broad range of
peeling velocities (v = 4.2 · 10−4 to 1.2 mm/s), and used
three different types of commercial tapes that we indi-
cate by tape A, B and C (Suppl. Inf. [16]). Most of the
results will be presented for tape A, which has a thick-
ness t = 46µm and a width of 15.3 mm. The experiments
are complemented by a theory that extends the classical
elastica with a model for the contact region, to explain
why the loop shrinks, when it ruptures, and what is the
force required to unloop the loop.
Each experiment starts with an extended contact zone,
where the two “contact lines” are well-separated. These
contact lines are indicated in the insets of Fig. 1 and 2 by
their arc-length coordinates, respectively, at s = a and b.
When the applied peeling force is sufficiently large, the
free end of tape peels at s = b and the contact zone short-
ens (see video 3 in the Suppl. Inf. [16]). During this initial
stage the loop size, quantified by s = a, remains constant.
However, as the contact zone becomes sufficiently small
the two contact lines start to interact. The peeling front
at s = b induces a “rolling” motion [15] during which
the contact line position s = a is also being displaced.
This effective interaction between the two contact lines
typically starts when the size of the contact falls below
ten times the tape thickness. At this moment, the large
loop begins to decrease in size and follows the sequence
as shown in Fig. 1. During this process, the size of the
tenuous adhesive zone gradually decreases, until it finally
ruptures (cf. Fig. S1 and video 2 in the Suppl. Inf. [16]).
Surprisingly, we find that during the experiment the
curvature at the peeling front (s = b) increases, which
implies a strongly nonlinear increase of the peeling force.
This increase can be seen upon careful inspection of
Fig. 1, and is further quantified in Fig. 2, where we plot
the curvature κb at the peeling front as a function of
the loop size a. Initially, the curvature remains approxi-
mately constant, but it steeply increases prior to the un-
looping. Such an increase is in contrast with a previous
analysis of the loop mechanics [15]. There, the curva-
ture at s = b was predicted to remain constant, namely
κb =
√
2γ/B, with γ the adhesion energy per unit area
(or fracture energy necessary for debonding), and B the
bending modulus of the tape. The same expression for
the curvature was found for blisters [7], peeling [4] and
elastocapillary loops [1, 3], but these involve only an iso-
lated peeling front. In the present context, the above
expression for κb therefore only holds when the distance
between the two contact lines is still large. Importantly,
the increase of curvature – robustly observed for all tapes
(cf. Fig. S2 in the Suppl. Inf. [16]) – implies a strong in-
2 4 6 8 10 12 14 16
0.8
1.0
1.2
1.4
1.6
1.8
(i)(ii)
(iii)(iv)
(v)
(vi)/(vii)
Time
Loop size a [mm]
P
ee
li
n
g
cu
rv
a
tu
re
κ
b
[m
m
−
1
]
s
=
b
s
=
a
s = 0
θ(s)
FIG. 2: Peeling curvature κb as a function of the loop size
a. Green dots correspond to the snapshots in Fig. 1. The
curvature at the peeling front increases as the loop shrinks,
which indicates a strong increase of the peeling force. Inset:
Experimental tape profile fitted by the elastica equation (red
and blue curves). The size of the loop is quantified by the
arc-length coordinate of the contact line at s = a, while the
peeling front is at s = b. The corresponding curvatures κa
and κb, respectively, are determined from the elastica fits.
teraction between the two contact lines at s = a and b,
which remains to be explained.
The unlooping process exhibits an intricate depen-
dence on the peeling velocity. The open symbols in Fig. 3
show the critical loop size ac, taken at the point of rup-
ture, as a function of the peeling velocity v. The results
are from the same tape as in Figs. 1 & 2, and each data-
point represents an average over at least 10 experiments.
Clearly, the critical loop size depends on the peeling ve-
locity: faster peeling enables smaller loops. We attribute
this trend to an increase of adhesion energy γ with veloc-
ity. The adhesion energy for pressure-sensitive adhesives
generically exhibits a power-law dependence with peel-
ing velocity, which originates from the strong dissipation
that occurs during debonding when polymers are pulled
out of the adhesive matrix [5, 19, 20]. A stronger dissi-
pative adhesion makes it more difficult to break the con-
tact, leading to smaller loops. To verify this hypothesis,
we determine the elasto-adhesive length `ea ≡
√
B/γ of
the tape from the curvature of an isolated peeling front,
so that we can use κiso =
√
2/`ea [1, 4, 7, 15]. The
closed symbols in Fig. 3 show that `ea decreases with
v, in a way that is consistent with a typical dissipation
γ ∼ v0.5 [5, 17, 19, 20]. Unexpectedly, however, the loop
size at rupture is not simply proportional to the elasto-
adhesive length. As is shown in the inset of Fig. 3, the
best power-law fit gives ac ∼ `0.7ea . This power-law de-
pendence implies that, besides `ea, another length scale
must be involved, and points to physics beyond the clas-
sical elastica theory.
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FIG. 3: Effect of the peeling velocity v on the critical loop
size at rupture ac (open symbols) and the elasto-adhesive
length `ea (defined in text, closed symbols). Both quanti-
ties decrease with v (slopes are a guide to the eye). Inset:
Relation between ac and `ea. A power-law fit gives an ex-
ponent 0.70 ± 0.09, consistent with the exponent 2/3 that is
predicted by the model (9). All data for tape A.
Having established the velocity-dependence of the
elasto-adhesive length `ea, we try to collapse the peel-
ing dynamics. Fig. 4 reports the curvature κb versus
the loop-size a for different v, non-dimensionalized by
`ea. The datasets do not collapse; we see a systematic
trend as the imposed peeling velocity is increased (from
light to dark blue). However, the experiments do reveal
a striking common feature: the rupture always appears
close to the point where κb = κa, where κa ∼ 1/a is
indicated by the dashed line. This observation suggests
that unlooping occurs when the curvatures are ap-
proximately equal on both sides of the contact. While
there is some variability between individual experiments,
there is strong evidence for this equal-curvature hypothe-
sis. Figure 4 (inset) reports the histogram over 90 exper-
iments, for three different tapes. The histogram peaks
near κa = κb, with a small bias to unloop slightly before
reaching the point of equal curvatures.
Now we explain these observations using a mechani-
cal model. Specifically, we aim to describe the increase
of peeling curvature, the critical size of the loop, and,
correspondingly, the critical peeling force. The bending
energy EB of the tape and the work W performed by
the external peeling force f (all quantities taken per unit
tape width), read
EB =
∫ L
0
ds
1
2
Bθ′2, W =
∫ L
0
ds f sin θ. (1)
Here the angle θ(s) gives the shape of the tape (inset
Fig. 2), B is the tape’s bending modulus, while s = L
is the end of the tape where the peeling force is ap-
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FIG. 4: Dimensionless plot of peeling curvature κb`ea versus
loop size a/`ea. Data correspond to different peeling velocities
(same color code as in Fig. 3, all for tape A). For each dataset,
the smallest value of a indicates the point of rupture, which
occurs when κb is close to κa = 3.028/a (dashed line). The
symbols “+” indicate the model prediction for rupture (with
α = 9.6, see text). The solid line is the simplified model
(5), the dotted horizontal line shows κiso =
√
2/`ea. Inset:
Histogram of κb/κa at rupture for various v and for the three
tapes.
plied. In the regions where the tape does not stick
to itself, the shape follows from the minimisation of
the total mechanical energy with respect to θ(s), i.e.
δ (EB −W) /δθ = 0. This minimisation gives the clas-
sical elastica equation [18]
Bθ′′ + f cos θ = 0. (2)
Solutions to this equation indeed provide excellent fits of
the tape [7], as is clear from the dashed lines in the inset
of Fig. 2 [23]. Importantly, (2) can be integrated once to
show f = 12Bθ
′(b)2 = 12Bκ
2
b [4]. Hence, κb gives direct
access to the peeling force.
We now turn to the peeling itself. At s = b peeling
amounts to a displacement of the contact line by a dis-
tance −db, taken as a positive quantity, during which
mechanical energy is released. When the peeling is over-
damped, so that inertia plays no role, the release of
mechanical energy Gb = ∂(EB −W)/∂b is exactly equal
to the adhesion energy γ(v). This analysis is in direct
analogy to fracture mechanics, where the quantity Gb is
referred to as the energy release rate associated to the
propagation of a crack tip [21, 22]. The energy (1) gives
(Suppl. Inf. [16]),
Gb =
∂(EB −W)
∂b
=
1
2
Bκ2b . (3)
Equating Gb = γ, one indeed recovers the isolated con-
tact line condition κiso =
√
2/`ea [4, 7]. To include the
4motion of the contact line at s = a, we consider the “re-
bonding” that occurs when the two sides of the tape are
pushed together. Debonding and rebonding are asym-
metric processes: debonding occurs when polymers are
pulled out of a matrix and it typically leads to fibril for-
mation, while the rebonding is comparatively gentle and
involves a negligible amount of dissipation. In analogy
to (3), one finds the energy release rate during rebonding
at s = a to be
Ga =
∂(EB −W)
∂a
= −1
2
Bκ2a. (4)
The appearance of a minus sign implies that bending
energy is actually being stored rather than released, as
the loop shrinks. Since the adhesive energy gained by
rebonding is negligible, this storage of elastic energy must
originate from an interaction with contact line at b, which
pushes the contact line at a. Crucially, however, this
interaction is not accounted for in (1), so that additional
physics is needed to explain the shrinking of the loop.
As a simple model, we first neglect the finite size of
the contact region. We assume that the loop starts to
shrink once b = a, and that subsequently these points
are displaced together. The corresponding propagation
condition, Gb +Ga = γ, gives
1
2
B(κ2b − κ2a) = γ, (5)
and is shown as the solid line in Fig. 4. This model offers
a reasonable description of the data, and qualitatively
explains the increase of peeling curvature (and thus of
the peeling force): the increase can be attributed to the
storage of elastic energy inside the shrinking loop. How-
ever, (5) does not allow for equal curvatures κb = κa,
and does not predict any rupture of the loop.
To refine the analysis we introduce an effective inter-
action energy, Eint, that explicitly accounts for the inter-
action between the contact lines at a and b. The propa-
gation conditions are then given by
∂(EB + Eint −W)
∂b
=
1
2
Bκ2b +
∂Eint
∂b
= γ, (6)
∂(EB + Eint −W)
∂a
= −1
2
Bκ2a +
∂Eint
∂a
= 0. (7)
When the interaction energy is only a function of the dis-
tance w = b−a, one recovers (5) and no progress is made.
The key observation is that in experiments w reaches a
scale comparable to that of tape thickness t, so that the
tape can no longer be described as an infinitely thin elas-
tica. Specifically, we hypothesise that any difference in
curvature κb−κa over such a short distance w ∼ t comes
with an extra elastic energy, beyond (1). In the spirit
of a gradient expansion, we account for this gradient in
curvature by an extra energy ∼ ∫ b
a
ds (θ′′)2, from which,
using that θ′′ ∼ (κb − κa)/w, we obtain the estimate
Eint = αBt2 (κb − κa)
2
b− a . (8)
Here Bt2 is introduced on dimensional grounds, so that α
is a dimensionless constant. The interaction (8) expresses
that a difference in curvature cannot be sustained for
w  t, and allows for rupture only when κb = κa.
The proposed Eint gives an accurate description of the
experiments (derivations in Suppl. Inf. [16]). First, it
leads to the critical values of the loop size ac and κb as
indicated by the “+” symbols in Fig. 4, with α = 9.6 as a
single adjustable parameter. Hence, the model captures
the intricate velocity dependence. Second, for t/`ea  1
the model reduces to a scaling law,
ac ∼ t1/3`2/3ea , (9)
which is in close agreement with the experimental result
(inset of Fig. 3). This scaling highlights the subtle inter-
play between the global elasto-adhesion and the effect of
finite thickness of the tape, beyond the classical elastica.
In conclusion, we have analyzed the shrinkage and sub-
sequent unlooping of a self-adhered elastic tape. We have
shown that the phenomenon of shrinking is mediated by
a tenuous contact zone, whose mechanics is not part of
the classical elastica theory. A simple model proposed for
the contact zone offers a good description of the exper-
imental observations, and explains the critical size and
critical force at which the tape unloops. These findings
will be applicable to a broader range of problems involv-
ing loops and blisters, with applications such as coating,
flexible electronics and exfoliation of graphene sheets.
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